Given its rapid response to fluctuating currents and wide operation range, proton exchange 12 membrane (PEM) water electrolysis is utmost suitable for generation of hydrogen from 13 renewable power. However, it is still hindered by the high cost of the stack components 14 compared to those used in the alkaline technology. In particular, the titanium bipolar plates 15 (BPP) are an issue and the replacement of this metal by stainless steel is a challenge, due to the 16 highly corrosive environment inside PEM electrolyzer stack. Herein, we coat stainless steel BPPs 17 with 50-60 µm Ti and 1. 
Introduction 24
In 1800, William Nicholson and Anthony Carlisle discovered the electrolysis of water into H 2 25 and O 2 , by applying direct current (DC) and for a long time was the main technique for hydrogen 26 production for industry.
1 Over 200 years later, the splitting of water is experiencing a renaissance 27 due to energy applications and proton exchange membrane (PEM) electrolysis is the most 28 dynamic technique, which was reported in 1973 by Russell and coworkers.
2 In this context, 29 hydrogen is nowadays expected to act as a carbon neutral energy vector to introduce renewable 30 electricity into other sectors. 3 Compared to the well-established alkaline technology, PEM 31 electrolyzers have several advantages such as high efficiency, rapid response, compact system 32 design, and extended dynamic operation range. [4] [5] [6] [7] [8] [9] Moreover, gas purities up to 99.995 % can be 33 achieved with the PEM technology while only 99.5% for alkaline electrolyzers. 10 Conversely, for 34 small production rate, PEM technology is more expensive than alkaline. 11, 12 However, it 35 becomes more competitive and likely cheaper in large production rates, especially in the 36 Megawatt input power range. 37
The stack, which is assembled with several cells connected in series, is the key part of the PEM 38 electrolyzer unit. 6 The membrane electrode assembly (MEA) is one core component of a PEM 39 cell. Current collectors (CC) on both sides of the MEA, which are permeable for water and the 40 product gases, allow current to flow to and from the electrodes. [13] [14] [15] The two half-cells are 41 surrounded by so called bipolar plates (BPP) or separators, which usually have flow fields that 42 allow the reactant water to be transported to the CC and the product gases to be removed 43 efficiently. 16, 17 44 Page 5
The stack comprises about 60% of the total cost of the PEM electrolyzer and the titanium bipolar 45 plates (BPP) are responsible for half the cost of the stack. 8 The BPPs are manufactured from 46 titanium, which is highly stable to corrosion in oxidative environments, but machining this metal 47 is complicated and expensive. 18, 19 Furthermore, semi-conductive oxides form on its surface as a 48 result of anodization, and this passive layer affects negatively the performance and durability of 49 the electrolyzer.
20-23 Thereby, the reduction or total replacement of massive Ti in PEM 50 electrolyzers by low cost materials is a pressing issue for the industry. 51
The use of stainless steel as base material for manufacturing BPPs of proton exchange membrane 52 fuel cell (PEMFC) has been extensively reported. When used in fuel cells, it requires a high 53 corrosion resistance coating with excellent electronic properties. [24] [25] [26] coating. Thereafter, a step of capillary sealing procedure allowed to fully densify the Ti coatings. 83
Finally, the area of the flow field that is in contact with the current collectors was sanded with 84 SC4000 paper and rinsed with deionized (DI) water. No abrasives were used. An additional layer 85 of Pt was deposited on some of the Ti-coated stainless steel BPP, by magnetron sputtering 86 physical vapor deposition (PVD). The BPP were assembled in a rainbow stack and in which all 87 cells had the same commercial membrane electrode assemblies MEAs (Greenerity E300, 88 N115CS membrane), metallic current collectors and carbon-based gas diffusion layers (GDL).
Page 7 represents the ohmic behaving components of the cell, containing electrical and ionic resistances. 109
The second component, R 2 -CPE, represents capacitive double layer effects in the electrode of 110 ionic and electric components, and the third component, R 3 -CPE, correspond to the charge 111 transfer resistance of the oxygen evolution reaction.
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The inlet water resistance of the stack was kept higher than 10 MΩ cm -1 at all time, by means of 113 a DI water resin system, which traps transition metal ions as well as S, F and Si. Therefore, the 114 resin can be used to determine qualitatively stack degradation products from catalysts and 115 coatings. X-ray photon electron spectroscopy (XPS) was performed at the end of the 1000 h test 116 looking for Fe or other elements of the 316L. 117
Contact resistance measurements 118
Interfacial contact resistance (ICR) vs. compaction force measurements were performed after the 119 1000 h test to evaluate degradation effects due to formation of semiconducting oxide layers on 120 the surface of the coatings. This technique is widely used to determine ICR of BBP for 121 PEMFC. 32, 35, [47] [48] [49] We assume that the ICR parameter of the coated stainless steel BPP before the 122 test is similar to the one determined on Ti and Pt/Ti coated dummy flat samples, 39 since the 123 coating parameters in this work were the same. The bipolar plates were placed between two 124 pieces of GDL carbon paper (280 µm thick) and two copper cylinders, which were previously 125 cleaned with 0.5 M H 2 SO 4 . The ICR measurements were performed by applying a current of 5 A 126 and the contact pressure was varied from 20 to 200 N cm -². The separation between the channel 127 ribs and width of the rib is in both cases ~ 1 mm after coating. Therefore, the compaction force 128 was adjusted by a factor of two. The voltage was measured with the same potentiostat used for 129 the EIS measurements. An electrical circuit, which represents each interface by a resistor, 49 was 130 used to determine the ICR of each plate. 131
Scanning electron microscopy (SEM) 132
Analysis of the cross section of the coated-BPPs was carried with an ULTRA plus (Zeiss Corp.) 133 scanning electron microscope. The images were recorded with the secondary electrons anPage 9 integrated AsB GEMINI lens detector, separating the back scattered electron (BSE) signal. The 135 acceleration voltage was 15 kV (1 nm resolution) and the working distance 8.1 mm. 136
Discussion of results 137

Coated stainless steel BPP 138
One concern of every coating procedure is how well the layer can cover zones in the BPPs that 139 are more prone to corrosion than others. Cross-section SEM images of the Ti-coated stainless 140 steel BPPs, readily after being coated are presented in Figure 1c and 1d. The micrographs reveal 141 that the coating covers all the regions of the manifolds, the exposed 3D areas of the flow 142 field, inlet/outlet holes, edges, corners and even some regions of the backside of the BPP. It is 143 worthwhile noting that it was not necessary to tilt the plate to obtain a uniform thickness of the 144 coating on all the surface of the ribs of the BPP. The BPP with Pt/Ti coatings were not analyzed 145 by SEM prior the assembly of the stack, assuming that the morphology of the coatings is similar 146 coatings reported elsewhere.
147
Cell performance 148
The 92E stack with the coated-BPPs was mounted in the Hylyzer PEM electrolyzer and operated 149 for a few days as part of an activation process. Thereafter, current-voltage curves from 0.01 to 1 150 A cm -2 were recorded for each cell at a rectifier step rate of 4.2 mA cm -2 s -1 , maintaining a stack 151 temperature of 29 °C, Figure 2a . According to the cell configurations presented in Table 1 , the 152 cells with Ti-coated cathodes without Pt, cell 4 and 5, showed the highest E cell at 1 A cm -2 . The 153
Nyquist plots of the EIS measurements at 27 °C and 0.166 A cm -2 are presented in Figure 2b . It 154 needs to be mentioned, the the E cell of the baseline and the Pt/Ti coated cells at 38 °C is highPage 10 compared to what it has been reported with same stack technology. 50 The issue can originate 156 form an increase of water pressure in the flow field channels and sealing compression in the 157 grooves caused by the thick Ti coating, which affected the performance of the whole stack. 158
Consequently, the width of the flow field channels and sealing grooves should be adjusted if they 159 are to be coated with 50-60 µm Ti. As a result, our study can only compare the performance of 160 the Pt/Ti coated cells with the baseline in the same stack. Further work will address this issue. 161
First, the EIS results show that cell 4 and 5 have much higher ohmic resistance (R 1 ) compared to 162 the others. As it will be shown in the next section, the ICR of the Ti coating with the carbon-163 based GDL is much higher than the ICR of the Pt coating with the same GDL. One can conclude 164 that the passivation of Ti is detrimental for the cell performance when using a carbon based GDL 165 in the cathode. Indeed, a significant improvement in the performance of unitized reversible fuel 166 cells (URFC) has been previously reported, when the Ti bipolar plates are coated with Pt 21 or 167
Au.
42 Second, the kinetic or activation resistance (R 2 ) is similar in all cells, since they all have 168
MEAs with similar catalysts. None of the cells presented mass transport issues, which accounts 169 for an excellent gas bubble management in the catalyst layers, 51 thin current collectors with high 170 porosity 13, 52, 53 and optimized flow field of the bipolar plate. 16 Lastly, cell 6, having Pt/Ti coating 171 on anode and cathode side of the stainless stell BPP, showed the lowest E cell at 1 A cm 2 . 172 A 1000 h test at 1 A cm -2 was carried out readily after the initial electrochemical characterization 173 of the stack. The resulting E cell vs. time characteristics of cell 1 -6 are presented in Figure 3 . The 174 electrolyzer was shut down after ~ 500 h of operation and it was kept in this mode for almost 100 175 h to determine degradation effects when the electrolyzer is turned off. These conditions will 176 necessarily occur in any application when H 2 is not constantly required. Current potential curves 177 and EIS were recorded at the end of the stand-by period, Figure 4a and 4b, respectively. Once thePage 11 electrolyzer was brought back in operation, the voltage of cell 4 and 5 was more than 100 mV 179 higher than before the shutting down, while for the other four cells such changes did not occur. 180
By fitting the equivalent circuit proposed in Section 2.2, the changes of the ohmic resistances of 181 each cell can be quantified. The ohmic resistance of the surface modified cells decreases almost 182
homogeneously by an average value of 45 mΩ cm -2 . Conversely, cell 4 and cell 5 increased their 183 ohmic resistance by 243 and 117 mΩ cm -2 , respectively. Post-mortem analysis (Section 3.3) will 184
show that not only the anode side of the Ti coated plate oxidized, but also the cathode side 185 experienced degradation. The negative effect might have occurred during the stand-by period as 186 concluded from the time equivalence of degradation and stand-by period, although it was not 187 directly proven. 188
The change of E cell and R 1 for all the cells is summarized in Figure 5a and 5b, respectively. In cations such as Fe. [54] [55] [56] [57] This metal is present in the DI water in small amounts and it increases its 205 concentration over time in the O 2 separator due to the electrolysis process. Therefore, a DI water 206 resin is necessary for trapping the Fe ions and it needs to be replaced regularly. The effect of Fe 207 poisoning in PEM electrolyzers is not well studied so far but it is expected that Fe will decrease 208 the ionic conductivity and deposit on the cathode. 58 As a result, the E cell will increase over time. 209
In our study, we did neither observe rise of E cell of the cells with Pt/Ti/ss bipolar plates nor 210 abnormal increase of iron concentration in the DI water resin, and nor pitting corrosion after the 211 1000 h test. 212
From the results discussed in this section, it can be concluded the following: (i) The titanium 213 coating does not need further surface modification on the anode side if it is in contact with a 214 metallic collector; (ii) The titanium coating should be modified, with Pt for example, if carbon 215 paper GDL is to be used as cathode current collector; (iii) The stainless steel BPP might not 216 require a Ti coating on the cathode side. Further investigations are necessary in order to 217 demonstrate (iii), as corrosion of stainless steel might occur in the periods when the electrolyzer 218 is turned off. 219
Degradation and post-mortem analysis 220
After disassembling of the stack, a noticeable darkness of the surface of the Ti coating in the 221 cathode and anode side of the plate was observed. The grayish surface of the coating on thePage 13 anode side reappeared after sanding it for a few minutes with SC4000 paper, thus removing the 223 oxide layer. The ICR vs. compaction force measurements were carried on areas of the BPP 224 before and after sanding procedure to evaluate the effect of degradation. Figure 6 summarizes the 225 results on Ti/ss while Pt/Ti/ss is included for comparison. First, one can observe that the Pt 226 surface modification reduces the contact resistance of Ti with the carbon paper almost 2 orders 227 of magnitude at 120 N cm -2 and does not change with the compaction pressure, which was 228 already observed in our previous work. 
233
The results of ICR vs. compaction force suggest that the cathode side might not necessarily need 234 to be coated with Ti as austenitic stainless steels are more resistant to hydrogen 235 enbrittlement. 61, 62 In the case of the Pt/Ti-coated stainless steel BPP, the Pt coating peeled off in 236 some areas of the grooves of the BPP in which the sealing is inserted. However, no signs of 237 degradation of the Pt coating were observed in the contact area with either the metallic CC 238 (anode) or carbon-based GDL (cathode). The peeling of the thermally sprayed Ti coating was 239 neither observed for the Ti/ss nor Pt/Ti/ss BPPs. 240
Samples of the DI water resin were collected at the beginning (fresh) and the end (used) of the 241 1000 h and they were analyzed by X-ray photon electron microscopy (XPS). Table 2 
Conclusions 256
Thermally sprayed Ti-coated stainless steel bipolar plates of PEM electrolyzer were tested for 257 more than 1000 h at constant 1 A cm -2 . The coating fully protected the stainless steel substrate; 258 however it degraded when used in the cathode and in contact with the carbon-based GDL, 259 resulting in a significant increase of cell voltage (E cell ). The oxidation of the Ti coating on the 260 anode side did not pose a negative effect. The problem was solved by modifying the surface of 261 the Ti coating with a 1.5 µm Pt layer (Pt/Ti). The highest performance of the PEM electrolyzer 262 was achieved with this dual coating deposited on the anode and cathode side. Additional results 263 suggest that no coating is necessary on the cathode side, if stainless steel is to be use as base 264 material for manufacturing the BBPs. Furthermore, cheaper steels, Cu, or Al can possibly be 265 used instead of stainless steel since corrosion was not observed. However, the BPP made of these 266 metals would require a coating on both sides to protect against any possible corrosion 267 phenomena, in particular during the stand-by periods. 268
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Tables 395 Table 1 
